Introduction
Remodeling of a totally differentiated fertilized oocyte to a totipotent egg is a very complex cell transformation since one of its hallmarks is the absence of transcription. Several biological processes such as chromatin remodeling, epigenetic modifications, maternal RNA depletion, and zygotic genome activation take place at the same time during oocyte-embryo transition. During oogenesis RNA binding proteins, transcription factors, and specific RNAs encoding them are synthesized and stored in a translationally repressed state in the oocyte cytoplasm. Through late oogenesis, transcription is shut off and fertilization and early embryonic cleavages are orchestrated by these maternal RNAs and proteins until zygotic gene activation.
Following fertilization, in order to unleash the totipotency of the embryo, zygotic genome activation and degradation of maternal mRNAs and proteins must occur. How maternal proteins are degraded in the early Caenorhabditis elegans embryo was identified by De Renzo and Seydoux (2004) . Maternal mRNA and protein decay are fundamental for proper embryonic development and differentiation of somatic lineages and germline specification. Presumably, degradation of maternal RNAs allows the zygotic genome to take over and introduce spatial and temporal differences in mRNA distribution. In Drosophila maternal mRNA degradation depends on recruitment to 3'UTRs to the CCR4/POP2/NOT1 deadenylase (Semotok et al., 2005) and in zebrafish, a single miRNA, mir-430, expressed at the onset of zygotic transcription, accelerates degradation and clearance of several hundred maternal mRNAs (Giraldez et al., 2006) .
In an attempt to identify whether microRNAs or other classes of small RNAs are responsible for degradation of maternal mRNAs in the early embryo, two high-throughput pyrosequencing studies have been performed (Stoeckius et al., 2009 (Stoeckius et al., , 2014 . A lot of small RNA types are present in the early embryo, so for identifying the complexity and composition of small RNA transcriptome changes during the early stages of C. elegans embryogenesis, embryos were sorted with fluorescent activated cell sorting and deep sequencing was performed. Very complex and orchestrated changes within almost all classes of small RNAs, including miRNAs and 26G-RNAs, were described (Stoeckius et al., 2009 ). The second study combined transcriptome and proteome approaches to uncover the dynamics of oocyte embryo transition and obtained data suggesting a mechanism for maternal RNA degradation via a conserved polyC motif and binding partners. This work also suggested that endogenous siRNAs but not miRNAs promote mRNA clearance during the oocyte-embryo transition (Stoeckius et al., 2014) .
Although these two studies provided a considerable amount of data describing changes in small RNA transcriptomes of mature oocytes and several different stages of embryos, we also aimed to identify the totipotency-associated microRNAs. We have combined deep sequencing and microarray techniques in order to analyze the microRNA profiles of oocyte-enriched germlines, 2-blastomere-stage (before zygotic genome activation) embryos, 8-blastomere-stage (after zygotic genome activation) embryos, and a mixture of pregastrulastage early embryos. The obtained results from this work will be an important contribution to the knowledge of the regulation of germline/soma differentiation, maintaining/ unleashing of totipotency, and posttranscriptional gene regulation in early embryos.
Materials and methods

C. elegans strains and culture
Wild-type (N2, Bristol, UK) and mutant fog-2(q71)V C. elegans strains were maintained using standard methods on OP50-seeded NGM plates at 20 °C unless otherwise noted (Brenner, 1974; Nayak et al., 2005) . 2.2. Total RNA isolation from collected germlines and embryos Egg preparation and synchronization of worms were performed according to Stiernagle (2006) . Day 1 adult worms were collected and washed in M9. After addition of 0.2 mM levamisole as an anesthetic, worms were dissected using 25-G needles as scissors. The fully extruded gonads and stage-specific embryos were collected by mouth pipette into TRIzol (Invitrogen) on ice, flash frozen in liquid nitrogen, and stored at -80 °C until RNA extraction. RNA was isolated from all samples according to the manufacturer's instructions. RNA was precipitated by adding glycogen (20 µg glycogen/1 mL TRIzol). The RNAs whose RIN values were found to be higher than 8 (BioAnalyzer, Agilent) were used for further analysis. In order to get enough RNA for microarray and cDNA synthesis, 6000-7000 embryos were collected from each stage. For deep sequencing, much more starting material is needed and 1000 germlines were collected for RNA isolation.
Next-generation sequencing
Cloning of small RNAs and library preparation for 454 sequencing was performed according to Gregory Hannon's protocol (http://genoseq.ucla.edu/images/a/a9/SmallRNA. pdf). Briefly, small RNAs were separated by PAGE and the corresponding bands for mature miRNAs were excised from the gel. After precipitation of small RNAs, adapters were ligated to both sides (Güçlü, 2013) . Following reverse transcription and polymerase chain reaction (PCR) amplification of cDNA, 454 sequencing was performed according to the manufacturer's recommendations using commercially available kits from Roche. Deep sequencing was performed on a Genome Sequencer Titanium FLX (Roche). Each sequence was processed using a set of customized MATLAB codes to clear the 3'-and 5'-end linkers, which were added during the sequencing reaction, and raw miRNA sequences were obtained. The expression profile of each miRNA was determined by another customized MATLAB routine, which finds out how many times each miRNA was counted in the sequence file. The annotations of the known miRNAs were performed using a publicly available database, miRanalyzer (Hackenberg et al., 2009 ), according to miRBase release 16 (http:// bioinfo2.ugr.es/miRanalyzer/miRanalyzer.php).
MicroRNA microarray
From each 2-blastomere-stage and 8-blastomere-stage embryo, 2.5 µg of total RNA was sent to Exiqon A/S (Vedbaek, Denmark) and microRNA microarray analysis was performed on the miRCURY LNA microRNA Array v11. Data analysis was also performed by Exiqon Services. 2.5. Quantitative real-time polymerase chain reaction (QRT-PCR) cDNA synthesis was performed using the miScript Reverse Transcription Kit (QIAGEN) according to the manufacturer's recommendations. Briefly, after addition of poly (A) to the 3'-ends of mature miRNAs, reverse transcription was carried out by using oligo-dT primers. QRT-PCR reactions were also carried out using miScript primers and the miScript SYBR Green PCR Kit (QIAGEN) by including biological and technical duplicates. The primer names and catalog numbers (QIAGEN) are as follows: Ce_miR-239a_1 (MS00019446), Ce_miR-48_1 (MS00019852), Ce_lin-4_1 (MS00018900), Ce_miR-71_1 (MS00020006), Ce_miR-241_1 (MS00019467), Ce_miR-237_1 (MS00019432), Ce_miR-51_1 (MS00019873), Ce_ miR-64_2 (MS00028714), Ce_miR-52_1 (MS00019880), Ce_miR-1829b_1 (MS00019040), and cel-miR-52-3p (MIMAT0020311). U18 small RNA was used for normalization and the primer sequences are as follows:
CeU18F, 5'-ATAGAAAACCGGCTGAGCCA-3' , CeU18R, 5'-TGGCTCAGCCGGTTTTCTAT -3' . Heat mapping and cluster analysis were performed with the Cluster 3.0 and TreeView programs.
In silico analysis of target mRNAs
The potential target mRNAs of each miRNA were found using the microRNA.org website (http://www.microrna.org/ microrna/home.do, August 2010 release). After preparing the list of potential targets with mirSVR scores bigger than -0.9, the gene lists were used for pathway analysis using the GeneCodis 2.0 program (http://genecodis.dacya.ucm.es/ analysis/) (Carmona-Saez et al., 2007; Nogales-Cadenas et al., 2009; Tabas-Madrid et al., 2012) .
Results
RNA isolation from germline and stage-specific embryos
In order to identify totipotency/germline-associated miRNAs, oocyte-enriched germlines and early-stage embryos (before gastrula) were collected from the fog-2(q71)V C. elegans strain. For identifying maternal and zygotic miRNAs 2-blastomere-stage (before zygotic genome activation) and 8-blastomere-stage (after zygotic genome activation) embryos were collected from N2 worms. Figure  1 shows the stage specificity of collected embryos and dissected germlines used for RNA isolation.
Next-generation sequencing
Pyrosequencing reports showed that 74% of the wells (% Short and % Passed filter) on the picotiter plate generated reads outs, which is equal to 1,275,747 successful sequencing reactions (Table 1) . Median read length was 56 and longest bead length was 604 (control beads). Each sequence was processed using a set of customized MATLAB codes to clear the 3'-and 5'-end linkers, which were added during the sequencing reaction, and raw small RNA sequences were obtained. Table 2 shows the partial statistics after trimming of germline (oocyte)-associated small RNAs; 72,315 sequences were obtained for annotation and the number of unique sequences was 31079 (Table 2 ; Supplement 1). Partial statistics after trimming of early-stage mixed embryo-associated small RNAs are given in Table 3 ; 98,519 sequences were obtained for annotation and the number of unique sequences was 10.627 (Table 3 ; Supplement 2). The expression profile of each miRNA was determined by another customized MATLAB routine, which finds out how many times each miRNA was counted in the sequence file. The annotations of the known miRNAs were performed by using a publicly available database, miRanalyzer. Eighty-four and 90 microRNAs were annotated for oocytes and early-stage embryos, respectively. According to the read counts, cel-miR-241-5p, cel-miR-246-3p, cel-miR-48-5p, cellin-4-5p, cel-miR-78, cel-miR-34-5p, and cel-miR-51-5p had the highest expression levels in the oocyte-enriched germlines. , and cel-miR-36-3p had the highest expression levels in the early mixed-stage embryos (before gastrula). While 33 of the miRNAs were not expressed in the oocyte-enriched germlines, 25 of the miRNAs were not expressed in the early embryos (Table 4) . Table 5 summarizes the results of the microRNAs analyzed by the miRCURY LNA microRNA Array that are differentially expressed in 2-blastomere-stage and 8-blastomere-stage N2 worms. The normalized log ratio values are shown. Positive logFC indicated the logarithmic foldness of upregulation and negative logFC indicated the logarithmic foldness of downregulation. Although there are no biological replicates of the experiment due to the lack of starting material, this gives some clues about the maternal and zygotic microRNAs in the early embryos.
MicroRNA microarray
The expression levels of a total of 61 mature microRNAs were analyzed.
QRT-PCR analysis of differentially expressed miRNAs
After putting together pyrosequencing data, microarray data, and the work published by Stoeckius et al. (2009) , a few of the available miScript primers were used for further confirmation of expression levels. QRT-PCR results were expressed as relative quantification based on the 2 -ΔΔct method and normalized against the average of the U18 sno gene. Heat maps generated from QRT-PCR data reflecting gene expression values in 2-blastomerestage, 8-blastomere-stage, early-stage mixed embryos, and oocyte-enriched germline samples are shown in Figure  2 . Red coloring indicates expression levels higher in the oocyte-enriched germlines and 2-and 8-blastomere-stage embryos compared to mixed-stage early embryos, while green indicates higher expression in the mixed-stage embryos compared to the others.
In silico analyses of target mRNAs
In order to enrich and classify the target mRNAs regulated by these miRNAs, pathway analyses were performed. First, potential target mRNAs of the differentially expressed miRNAs, for the available ones, were obtained from microRNA.org and pathway analysis was performed for each of them. Line 1 of Table 6 shows the number of total potential mRNA targets for each miRNA and the number of miRNAs that were found to be associated with any biological processes; approximately one-third of the target mRNAs were found to be associated with biological processes. The remaining lines of the table provide partial information about the number of target mRNAs having roles within the indicated biological processes.
Discussion
One of the most important cell fate decisions made in early embryonic development is the choice between becoming Our aim was to identify the miRNAs associated with totipotency and the oocyte-embryo transition. Due to the difficulty of getting enough starting material for deep sequencing on the GS FLX platform, we used the mutant fog-2(q71)V C. elegans strain (feminization of germline), which has more mature oocytes compared to the wild-type N2 due to lack of sperm, and we also used pregastrula mixedstage embryos from this mutant for deep sequencing. On the other hand, although we handpicked thousands of 2-and 8-blastomere-stage embryos, it was not enough for deep sequencing, so we did microarray analysis. According to the data obtained from next-generation sequencing, the majority of totipotency-associated miRNAs are celmiR-48-5p, lin4-5p, cel-miR-246-3p, cel-miR-71-5p, and cel-miR-241-5p. These miRNAs are maternally expressed in oocytes and their expression levels decrease through embryonic development. On the other hand, major zygotic microRNAs including miR-52-5p, cel-miR-52-3p, cel-miR-37-3p, cel-miR-46-3p, cel-miR-42-3p, cel-miR-73-3p, cel-miR-55-3p, and cel-miR-35-3p are expressed in embryos after zygotic genome activation. cel-miR-48-5p (also known as lin-58) expression was increased at the 8-blastomere stage and this is consistent with the literature. Stoeckius et al. (2009) reported miR-48-5p expression in one blastomere that was degraded in 2-4 blastomeres and expression was observed again following zygotic genome activation. On the other hand, our next-generation sequence data showed that miR-48-5p is expressed maternally, which was also consistent with the QRT-PCR assay results (Figure 2 ). According to our next-generation sequencing data, cel-miR-48-5p, celmiR-84-5p, and cel-miR-241-5p, which all belong to the let-7 family, are expressed maternally. This result is also consistent with the literature. These miRNAs are degraded at the 2-blastomere stage and resynthesized during the postgastrulation stage in embryos (Stoeckius et al., 2009 ). The expression level of cel-miR-241-5p was higher in 8-blastomere-stage embryos compared to 2-blastomerestage embryos in our microarray data; however, a significant difference was not observed in QRT-PCR results. When previously reported studies and our data are considered together, miR-241-5p is not only expressed maternally but it is also resynthesized in the later stages of C. elegans embryogenesis. cel-miR-237-5p shares strong sequence homology with lin-4 of C. elegans. miR-237 belongs to the lin-4 family of microRNAs, which also includes human miR-125b-1 and miR-125b-2. Despite the low number of sequence reads, according to the results of next-generation sequencing, miR-237-5p appears to be maternally expressed and was found as only one read in one-cell-stage embryos in the miRNAome profiling study of Stoeckius et al. as well (2009) . Since miR-237-5p is the top fifth differentially expressed miRNA according to our microarray data, we tested the expression level of this miRNA by QRT-PCR. Our results confirmed that miR-237-5p is expressed more in 2-blastomere-stage embryos before zygotic genome activation (Figure 2 ). Further functional analysis will contribute to the elucidation of the function of cel-miR-237-5p in early embryos.
cel-miR-71-5p is one of the highly expressed microRNAs in 2-and 8-blastomere-stage embryos. Both next-generation sequencing and QRT-PCR results also indicate that cel-miR-71-5p is expressed maternally (Tables 4 and 5; Figure 2 ). This miRNA is expressed abundantly in larval and early adult forms of C. elegans. Overexpression of cel-miR-71-5p increases the lifespan and provides resistance to temperature and oxidative stress (De Lencastre et al., 2010; Boulias and Horvitz, 2012) . Further functional analysis will contribute to clarifying the role of cel-miR-71-5p in early embry. cel-miR-71 and cel-miR-239 are target components of the IGF signaling pathway and DNA damage checkpoint pathways to regulate aging. cel-miR-71 targets the PI3K AGE-1 and PDK-1 components of the IGF signaling pathway, whereas cel-miR-239 appears to upregulate the gene expression of these proteins through unknown mechanisms (De Lencastre et al., 2010) . cel-miR-71 targets CDC-25.1 and CHK-1 in a negative feedback loop (De Lencastre et al., 2010) . This suggests that these miRNAs have a function in the cellular response to environmental stress, in addition to promoting longevity. These miRNAs may function during environmental stress.
cel-miR-239-5p is expressed maternally according to next-generation sequencing and microarray data that are consistent with QRT-PCR results (Figure 2 ). According to the stage-specific microRNA profile that was determined by Stoeckius et al. in 2009, it was shown that cel-miR-239a is observed in the 1-blastomere-stage and it was degraded through embryogenesis, but later on the expression levels were increased again in late embryogenesis. The function of cel-miR-239-5p is not clear so further investigations will contribute to understanding its role in early embryonic development.
According to the next-generation sequencing and microarray data, cel-miR-52-5p is expressed during the early embryonic stage. This result correlates with the literature. cel-miR-52-5p was observed at the highest level in C. elegans L1 larvae and its expression was also observed in different stages of development. Biochemical studies indicate that miR-52 interferes with ribonucleoprotein complexes (Lee and Ambros 2001; Caudy et al., 2003) . MicroRNAs are integrated with ribonucleoprotein complexes as the RISC complex (RNA-induced silencing complex) and this complex is created with specific mRNA translational repression or degradation. C. elegans miR-52-5p has 62.5% overall similarity to human miR-99 according to sequence relationships (Ibáñez Ventoso et al., 2008) .
cel-lin-4-5p is a maternally expressed microRNA based on our next-generation sequencing data (Table 4) and QRT-PCR experiment results (Figure 2 ). lin-4-5p, which is an important developmental regulator, is also known as miR-125 in Drosophila and mammals.
cel-miR-52-3p is expressed during embryonic development based on next-generation sequencing results. According to our data, a 193-fold increase was observed in the mixed stage of early embryos compared to oocytes (Table 4) and also QRT-PCR data were found to be consistent with the sequencing results (Figure 2 ). This miRNA was not detected in a previous microRNA profiling study on the Illumina platform (Stoeckius et al., 2009 ) and it will be further investigated during our future studies.
cel-miR-51-5p is expressed maternally in C. elegans according to our next-generation sequence read counts, microarray results, and a previous miRNAome profiling study (Stoeckius et al., 2009) . QRT-PCR expression levels between 2 and 8 blastomeres did not exhibit significant changes, but zygotic expression profiles were observed when compared to oocytes and mixed stages of early embryos (Figure 2 ). cel-miR-51-5p was detected in the mid-embryo and mostly anterior in late embryos. celmiR-51-5p was detected in channel nerve cells in the late embryo until the L1 larval stage. cel-miR-51-5p expression was found in the muscles in the head and intestines, suggesting that this microRNA has many functions. According to our microarray data, cel-miR-64-5p is the second highly expressed miRNA after zygotic genome activation. It had a very low number of sequence read counts in next-generation sequencing. A previous miRNAome profiling study in early C. elegans embryos showed that expression level increases after zygotic genome activation (Stoeckius et al., 2009) , which is consistent with our miRNA microarray and QRT-PCR results.
A homology analysis study in 2008 was performed with C. elegans, D. melanogaster, and H. sapiens miRNAs. MicroRNAs that are preserved in all of these species are miR-48, lin-4, miR-51, miR-52, miR-73, miR-79, miR-237, and miR-241 (Ibáñez Ventoso et al., 2008) . Some miRNAs that were selected for further analysis are members of the same family and also they include the same "seed regions", which are conserved in many organisms (Ruby et al., 2006) . miR-52, miR-51, miR-55, and miR-56 include the ACCCGU motif and show homology with C. briggsae, D. melanogaster, D. rerio, and mammalian miRNAs. Similarly, lin-4 and miR-237 include the CCCUG motif and show homology with all animals mentioned above. miR-48 and miR-241 have the GAGGUA motif and have homology with all species. miR-73 has the GGCAAG motif, which was found in all species mentioned above except zebrafish, and its tumor suppressor feature was highlighted in other studies. The miR-35, miR-37, and miR-42 families, all of which include the GAAAGA motif, are just found in C. elegans and C. briggsae. miR-239a has the UUGUAC motif and miR-79 has the UAAAGC motif, and these two are conserved in C. elegans, C. briggsae, and D. melanogaster only (Ibáñez Ventoso et al., 2008) .
Two previous high-throughput pyrosequencing studies were performed in an attempt to identify the small RNA transcriptome in oocytes and stage-specific embryos (Stoeckius et al., 2009 (Stoeckius et al., , 2014 . Obtained data suggested a mechanism for maternal RNA degradation via a conserved polyC motif, and binding partners and endogenous siRNAs but not miRNAs promote mRNA clearance during the oocyte-embryo transition (Stoeckius et al., 2014) . These studies provided a lot of data about the changes in small RNA transcriptome in mature oocytes and several different stage embryos. Some of our results are consistent with these studies, but we have identified new miRNAs expressed in these developmental stages. Mutant analysis and identification of downstream mRNA targets will provide a better understanding of regulation of totipotency and posttranscriptional gene regulation in early embryos. We have performed pathway analysis in order to enrich downstream potential mRNA targets, and among the clustered ones, the majority of them were associated with embryonic development and reproduction. Our pyrosequencing data were analyzed with an earlier version miRBase (release 16); a newer version such as release 21 will annotate many more microRNAs with our trimmed sequences, since the number of mature C. elegans miRNAs is around 434.
